Stem cells are a potential key strategy for treating neurodegenerative diseases in which the generation of new neurons is critical. A better understanding of the characteristics and molecular properties of neural stem cells (NSCs) and differentiated neurons can help with assessing neuronal maturity and, possibly, in devising better therapeutic strategies. We have performed an in-depth gene expression profiling study of murine NSCs and primary neurons derived from embryonic mouse brains. Microarray analysis revealed a neuron-specific gene expression signature that distinguishes primary neurons from NSCs, with elevated levels of transcripts involved in neuronal functions, such as neurite development and axon guidance in primary neurons and decreased levels of multiple cytokine transcripts. Among the differentially expressed genes, we found a statistically significant enrichment of genes in the ephrin, neurotrophin, CDK5, and actin pathways, which control multiple neuronal-specific functions. We then artificially blocked the cell cycle of NSCs with mitomycin C (MMC) and examined cellular morphology and gene expression signatures. Although these MMCtreated NSCs displayed a neuronal morphology and expressed some neuronal differentiation marker genes, their gene expression patterns were very different from primary neurons. We conclude that 1) fully differentiated mouse primary neurons display a specific neuronal gene expression signature; 2) cell cycle block at the S phase in NSCs with MMC does not induce the formation of fully differentiated neurons; 3) cytokines change their expression pattern during differentiation of NSCs into neurons; and 4) signaling pathways of ephrin, neurotrophin, CDK5, and actin, related to major neuronal features, are dynamically enriched in genes showing changes in expression level. neural stem cell; primary neuron; cell cycle block NEURAL STEM CELLS (NSCs) exist in various regions of the central nervous system throughout the life span in mammals (7, 21, 26, 31, 46) . For example, the subventricular zone and subgranular zone of the hippocampus contain a relatively high density of NSCs. These areas are considered neurogenic since they continue to produce neurons throughout adult life, in contrast to other brain regions where neurogenesis is not observed in the adult (20, 25, 62) . The division and differentiation of these endogenous NSCs can be regulated by both physiological stimuli and pathological conditions (4, 28).
neural stem cell; primary neuron; cell cycle block NEURAL STEM CELLS (NSCs) exist in various regions of the central nervous system throughout the life span in mammals (7, 21, 26, 31, 46) . For example, the subventricular zone and subgranular zone of the hippocampus contain a relatively high density of NSCs. These areas are considered neurogenic since they continue to produce neurons throughout adult life, in contrast to other brain regions where neurogenesis is not observed in the adult (20, 25, 62) . The division and differentiation of these endogenous NSCs can be regulated by both physiological stimuli and pathological conditions (4, 28) .
To better understand NSC biology, various cell lines were derived (2, 13, 19, 30, 34, 35, 40, 45) . NSC lines were typically screened for the presence of NSC markers and subsequently used for a variety of applications such as 1) transplantations for the purpose of alleviating brain damage after certain diseases, 2) their ability to promote neuronal survival and neurite outgrowth, and 3) the secretion of a variety of growth factors (9, 30, 34 -36, 38, 40, 43, 48, 50, 51, 53, 56, 58) .
Furthermore, to better understand NSC biology and the response of these cells to different conditions, which can help better design regenerative strategies, various NSCs have been used to study the effect of many compounds in vitro (6, 8, 24, 32, 67) and their effect on differentiation (17, 60, 67) . Therefore, it becomes crucial to appreciate how representative such neurons are compared with primary neurons (PNs), as data obtained with these studies will impact clinical applications.
We were particularly interested in the possibility of generating neurons through a nonspecific arrest in cell cycle. Since NSCs would arrest in the G 0 /G 1 phase prior to differentiation (5, 37), we wanted to determine whether an NSC line arrested in other phases of cell cycle, in particular in the S phase, can lead to differentiated neurons. To this end, we hypothesized that defining the characteristics of embryonic PNs will provide a basic neuronal signature that can be used to assess the differentiation status of in vitro-differentiated NSCs. We also wanted to shed light on factors that allow/facilitate the transition from the NSC line into neurons, as such lines are often used for various pharmacological in vitro testing. Therefore, we first performed an in-depth gene expression profiling analysis of NSCs and PNs. Comparison of PN with NSC gene expression patterns revealed an upregulation of genes involved in many neuronal-specific functions, which constitute a neuronal signature. Genes involved in cell division were among the most significantly downregulated in PNs. We then treated the C17.2 NSC line with mitomycin C (MMC) to artificially induce a arrest in cell cycle in the S phase. Our results revealed that NSCs treated with MMC results in cells that have a neuronal morphology and express certain neuronal markers but does not result in fully differentiated neurons following arrest in the S phase, i.e., cells that have only a partial PN gene expression profile.
MATERIALS AND METHODS

C17
.2 NSC culture. The C17.2 NSCs were generously donated by Dr. Evan Snyder from the Sanford/Burnham Institute for Biomedical Research, La Jolla, CA (52, 63) . Cells were passaged at 1:10 dilution once a week and maintained in DMEM (high glucose ϩ L-glutamine ϩ sodium pyruvate), 10% fetal bovine serum, 5% horse serum, 2 mM glutamine, 1% penicillin/streptomycin/fungizome (all from Gibco). Standard cultures were maintained at 37°C-5% CO 2 in a humidified incubator.
Differentiation of C17.2 NSCs into neurons. C17.2 NSCs at ϳ70% confluency were treated with MMC (final concentration 0.4 g/ml; Sigma) under normoxic conditions for 48 h. Culture medium was then progressively replaced by changing half of the medium every 2 days.
Treated cells were cultured for 6 days before they reached a stable neuronal morphology. They were then cultured for an additional 2 days before experimental use.
Primary embryonic neuronal culture. Time-pregnant C57BL/6J female mice were obtained from Jackson Laboratories (Bar Harbor, ME). At embryonic day 17, embryos were extracted, and brains were isolated and placed in sterile neurobasal medium (Gibco) on ice. Cortexes were carefully dissected out and incubated with 0.25% trypsin (Gibco) for 15 min at 37°C. An equal volume of trypsin inhibitor (Gibco) was added, and cortexes were incubated for 5 min at 37°C, triturated, and centrifuged at 1,400 rpm for 5 min at 4°C. Pellets were then resuspended in plating medium consisting of neurobasal medium (Gibco), B27 1ϫ final (Gibco), glutamine 500 M (Gibco), penicillin/streptomycin 100 U/ml, 100 g/ml (Gibco), and glutamic acid 25 M (Sigma). Cells were counted by trypan blue extrusion and diluted to 10 6 cells/ml. One milliliter of cells were added onto a 35-mm plate previously coated with poly-D-lysine Ͼ 300 kDa (Sigma) at 0.15 mg/ml and cultured in 5% CO 2 at 37°C (day 0). After 24 h (day 1), 1 ml of plating medium was added. Then every 4 days (day 4, day 8) 1 ml of the plating medium was replaced with an equal volume of maintaining medium (same composition as plating medium without glutamic acid). Cells were grown for 6 days before experimental use.
Microscopy and cell death. The morphology of all cultured cells was assessed with phase contrast microscopy, and cell death was evaluated by propidium iodide staining (5 g/l; Sigma). Images were acquired with a Zeiss microscope with AxioCam MRm camera using the Axiovision Rel 4.5 software.
Immunocytochemistry staining. Immunocytochemistry was performed on NSCs, MMC-treated NSCs, and PNs to detect the NSC marker nestin (intermediate filament), early neuronal marker MAP2 (microtubule-associated protein 2), and late neuronal marker NeuN (neuronal nuclei) by using the following primary antibodies: rabbit anti-nestin 1:250, mouse anti-nestin 1:200, mouse anti-NeuN 1:200, rabbit anti-MAP2 1:250 (all from Chemicon), and secondary antibodies: goat anti-rabbit Texas Red 1:100, goat anti-mouse TRITC 1:100, goat anti-rabbit fluorescein 1:100, and goat anti-mouse fluorescein 1:100 (all from Chemicon). All antibodies were diluted in 3% normal goat serum (in 1ϫ PBS). Staining was performed on cells grown in petri dishes. Briefly, cells were washed twice with PBS and fixed for 20 min at room temperature in 4% paraformaldehyde pH 7.4, permeabilized using 0.2% Triton X-100 in 1ϫ PBS for 15 min at room temperature, and then blocked with 3% normal goat serum for 1 h at room temperature. Cells were then incubated with primary antibodies at 4°C overnight, washed with 0.1% Triton X-100 in 1ϫ PBS, incubated with secondary antibodies at room temperature for 2.5 h, and washed again. DAPI was then added, and cells were observed under fluorescent microscope (Zeiss). Images were acquired with AxioCan MRm camera (Zeiss) using the Axiovision Rel 4.5 software. Magnifications used were ϫ100 and ϫ400.
Protein quantification. To verify the protein levels of certain markers (nestin, MAP2, NeuN), protein extraction was performed using HEPES buffer (Ca, Mg, Na-free; 200 mM mannitol, 80 mM HEPES, 41 mM KOH), and samples were homogenized for 30 s on ice. Thirty micrograms of protein per sample were loaded on gel. Membranes were blocked with 5% milk and then probed with the following primary antibodies: rabbit anti-MAP2, mouse anti-NeuN, goat anti-nestin, and goat anti-actin (all from Chemicon) and then treated with secondary antibodies: rabbit anti-goat-horseradish peroxidase (HRP), goat anti-rabbit-HRP, and rabbit anti-mouse-HRP (all from Zymed).
Microarray analysis. Total RNA was extracted from NSC, PN, and MMC-treated NSCs (n ϭ 3 each) by using the RNeasy kit (Qiagen) according to the manufacturer's instructions. Spectrophotometer readings are taken with the NanoDrop ND-1000. The RNA integrity was checked with the Agilent 2100 BioAnalyzer system (Agilent Technologies, Santa Clara, CA). Total RNA (300 ng) was used to synthesize a biotin-labeled complementary RNA (cRNA) probes using Illumina RNA amplification kit (Ambion, Austin, TX) as previously described (43) . Illumina sentrix mouse-6 expression GeneChips (Illumina, San Diego, CA) were used to determine differences in gene expression. Biotin-labeled cRNA (1.5 g) was added to the chip and incubated for 16 -20 h at 55°C. The bound biotin-labeled cRNA was then stained with streptavidin-Cy3. After hybridization, the GeneChips were washed, dried, and scanned by the BeadArray Reader (Illumina, San Diego, CA). The absolute intensity of each probe on the image was generated with BeadStudio software (Illumina). For analysis, intensities are normalized using modified LOESS as previously described (54) . A permutation-based F-test statistic was then computed on the normalized Log2 expression signals using the multitest package (18) . Pairwise fold changes were computed for the MMC-treated NSCs and the PNs using the NSC expression values as Fig. 1 . Characteristics of neural stem cells (NSCs) and neurons. A: NSCs were cultured in 21% O2-5% CO2. Cells were costained by using antibodies directed against mouse stem cell marker nestin and neuronal markers MAP2 (a-d) or against nestin and the neuronal marker NeuN (e-h). All cells expressed nestin (b, f), but there was no detectable MAP2 or NeuN (a, e). Phase contrast (Ph. Contr.) microscopy revealed a pyramidal shape of the cells (i), and only very few dead cells were observed or were seen with propidium iodide (PI) labeling (j). Magnification: ϫ100; insets, ϫ400. Western blot analysis confirmed the absence of MAP2 and NeuN from NSCs (k). B: primary neurons were cultured from embryonic day 17 mouse cortex in normoxia for 8 days. Immunocytochemistry was performed for nestin, MAP2, and NeuN. There was a complete absence of nestin (b). MAP2 (a, e), and NeuN (f) were detected in all cells. Phase contrast microscopy revealed typical neuronal shape with processes and synapses (i). Magnification: ϫ100; insets, ϫ400. Western blot analysis confirmed the presence of MAP2 and NeuN and the absence of nestin from primary neurons. a baseline. We then determined differentially expressed transcripts by a permutation-based F-test (P Ͻ 0.05) and at least a twofold change in at least one of the above two comparisons. These probes were then clustered by array (using Euclidean distance metric) and by probe (using cosangle distance metric) with the hierarchical ordered partitioning and collapsing hybrid (HOPACH) clustering algorithm (63) . Clusters and comparison groups were annotated with statistically significant GO term overrepresentation using the MappFinder algorithm and GO-Elite software packages (14) . Functional categorization of gene alterations was created with Ingenuity Pathway's (Redwood City, CA) analysis program (68) . The P value for each network or function was calculated with a right-tailed Fisher's exact test. The score for each network of function was shown as Ϫlog10 [P value], which indicates the likelihood of finding a set of focus genes in the network or function by random chance. The significance threshold was set to a score of 1.3 (i.e., P Յ 0.05). All microarray data is MIAME compliant and the raw data has been deposited in the Gene Expression Ominibus database at http:// www.ncbi.nlm.nih.gov/geo and can be retrieved using access number GSE24116.
Research ethics. The experimentations requiring animal use were submitted to the Institutional Animal Care and Use Committee at the University of California San Diego, San Diego, CA, and approval was obtained (no. S05534). According to the committee regulations, the use of the NSC line C17.2 for in vitro studies does not pose an ethical issue and therefore did not require approval.
Statistical analysis. Statistical analysis was performed using Student's t-test. Mean values were considered statistically significant if P Յ 0.05.
RESULTS
Morphological features of C17.2 NSCs and PNs. All cultured
NSCs expressed the neural progenitor marker nestin (Fig. 1, A, b , f) and showed no expression of neuronal markers such as MAP2 (Fig. 1, A, a) and NeuN (Fig. 1, A, e) , as confirmed by Western blot analysis (Fig. 1, A, k) , indicating no spontaneous differentiation had occurred by our culture conditions. NSCs showed a predominantly pyramidal cell shape (Fig. 1, i) with a low baseline cell death (Fig. 1, A, j) . Primary neurons (Fig. 1 , B, i) also showed baseline cell death throughout the study (Fig.  1, B, j) and immunocytochemistry revealed the presence of MAP2 and NeuN and the absence of nestin 8 days in culture (Fig. 1, B, a, b , e, f, j), as verified by Western blot analysis (Fig.  1, B, k) .
Microarray analysis reveals a neuronal-specific gene expression profile. The microarray expression profile revealed that 7,925 genes changed more than twofold (P Ͻ 0.05) in PNs relative to NSCs. There were 4,367 upregulated genes and 3,558 downregulated genes. (Fig. 2A) . Heat map HOPACH correlation confirmed the reproducibility between samples of the same cell type (Fig. 2B) .
Next, we examined the general expression profile of the NSCs to verify whether there is any profile indicative of a glial or neuronal differentiation phenotype and found none, confirming that this cell line does not show any spontaneous differentiation into glia or neurons (data available online at the Omnibus database; see MATERIALS AND METHODS).
We then used Gene Ontology (GO) to functionally annotate differentially expressed transcripts. Among the downregulated genes, the most significantly changed belong to intracellular parts, organelles, cell cycle, DNA replication, and catalytic activity, but also other functions were affected, such as organelle organization and biogenesis, apoptosis, angiogenesis, cytokine production, matrix components, and some metabolic constituents (Table 1) . Among the upregulated genes, the most significantly enriched biological processes belong to neuronspecific functions, such as neurite development, synapse, and neurite projection (Table 1, Figs. 3 and 6) . Genes related to the Notch pathway were upregulated in PNs relative to NSCs. (Table 1) .
Interestingly, when the pathways with the most significantly downregulated genes were subjected to GO analysis, certain genes (e.g., cdc26, cdk2, cdk4, and Mcm) appeared involved in many functions, including intracellular organelles, cell cycle, and cell division. In pathways that had the most significantly upregulated genes, some genes (e.g., cdk5, BDNF, ANK3, Abi2) were involved in neurite development, neuron projection, protein binding, and localization, while Grik, nlgn, Gria, and slc were involved in synapse, protein binding, localization and cellular junction. Table 4 ). When these pathways were dissected to determine the relative contributions to neuronal function/phenotype, four pathways stood out: ephrin receptor pathway, CDK5 pathway, neurotrophin signaling pathway, and actin cytoskeleton signaling (Figs. 5 and 6). These pathways have very high numbers of genes with changed expression, and impact multiple neuronal functions.
The ephrin receptor pathway is involved in favoring growth cone collapse and axon retraction (PAK, Rac, ephrin A, Ephexin), cell proliferation and migration (ephrin B, AKT), and cell growth and axon guidance (ephrin B, integrin, c-raf) (Fig. 5A) . Neurotrophic tyrosine kinase receptor signaling pathways control synaptic plasticity and cell survival, and neurite outgrowth (cAMP responsive element binding protein ribosomal protein S6 kinase) (Fig. 5B) . The cyclin-dependent kinase 5 (CDK5) pathway showed upregulation of CDK5, and this is involved in neurite outgrowth (22) . Genes involved in cytoskeletal filament disruption and proteasomal degradation were upregulated, providing dynamic changes needed for the formation/maintenance of neurites (Fig. 6A) . Actin cytoskeleton signaling transcripts, including stress fibers and focal adhesion formation, were both up-and downregulated and involved in actin polymerization of lamellopodia and in stabilization of actin (Fig. 6B) .
MMC-treatment of NSC induces a neuronal morphology. After defining the neuronal signature characteristic of mature neurons, we investigated whether artificially blocking the cell cycle in the NSCs at the S phase can induce neuronal differ- Fig. 3 . Functional annotation of transcripts differentially expressed between NSC Ϯ MMC and primary neurons. HOPACH cluster of the 5,488 microarray probes that where differentially expressed (F-test statistic P Ͻ 0.05 and a 2-fold change in up-or downregulated compared with NSC control in any of the 2 comparisons). Clusters where annotated for statistical overrepresentation of transcript-associated Gene Ontology (GO) terms using MAPPFinder and GO-Elite (14) software.
entiation. In particular, since NSCs are known to differentiate when they are in G 0 /G 1 (5, 37), we decided to investigate whether neuronal differentiation can take place when NSC are arrested in the S phase. We chose to use MMC as a nonspecific cell cycle blocker. MMC is an alkylating agent that blocks cell division mainly in the S phase (64) . When C17.2 cells were treated with MMC (0.4 g/ml), the majority of cells exhibited a neuronal morphology and stained positive for MAP2 (MAP2ϩ cells ϭ 90.2 Ϯ 3.1%, n ϭ 8). MAP2 is a commonly utilized marker for mature neurons and is expressed mostly in dendrites (1, 47) . Time course analysis from the time of induction up to 8 days revealed a change into neuronal-like cell shape (Fig. 7, A, d, h and B, d, h ). In addition, there was a progressive increase in the expression of MAP2 protein that doubled from day1 to day 3 and then stabilized (Fig. 7, A, a, e, i, j and B, a, e) . Nestin intensity decreased progressively, but was still detected (Fig. 7, A, b,  f, i, j and B, b, f) . Western blot analysis showed that the late neuronal marker NeuN had a significant (P Ͻ 0.005), approximately fivefold increase from day 1 to day 6 (Fig. 7,  A, i, j) . These cells showed only a low baseline level of cell death (Fig. 7, B, i, j) . Since the neuronal phenotype obtained at day 6 remained stable afterwards (up to 3 wk, data not shown), as verified by various criteria described above, cells were incubated for a total of 8 days before microarray analysis was performed.
Gene expression analysis of MMC-treated NSCs showed signs of partial neuronal differentiation and low differences from NSC. Microarray data performed on MMC-treated NSCs revealed 1,076 genes with more than twofold change relative to NSCs, with 595 genes upregulated and 481 downregulated ( Fig. 2A) . Examination of all the possible pairwise Euclidian distance correlation values across each array indicated that MMC-treated NSC were much more similar to NSC than to PNs (Fig. 2B) . This was also highlighted by examination of clustered transcripts (Fig. 3) . The majority of the upregulated genes were related to functions such as growth factor activity, hormone activity, lysosome, antiapoptosis, and cell cycle and growth (Table 2) , as well as Notch genes ( Table 5 ). The majority of the downregulated genes were related to cell division and metabolic processes (Table 2, Fig. 3 ).
When the MMC-treated NSC genes were categorized based on GO, the changes in gene expression were involved in cell cycle and DNA packaging ( Table 2) . Functional grouping using the Ingenuity software showed 17 biofunctions with significant changes in gene expression (Fig. 4B) . MMC-treated NSCs expressed a few neuronal molecules such as cholinergic receptors and molecules previously shown to be involved in neuronal differentiation (NGF) (11, 16, 61) and survival (IGF-1) (29) .
Comparison of the differentially expressed transcripts between MMC-treated NSCs and NSCs versus PNs and NSCs showed that some cellular functions were shared between these two groups. Both groups contained upregulated transcripts involved in neurotransmitter secretion (e.g., protein and cellular localization), synaptogenesis, Notch signaling, nucleus and nucleotide metabolic processes, and downregulation of genes related to cell cycle/division and ribosomes, chromatin, and DNA binding (Fig. 3, Tables 3 and 5) . Altogether, these data suggest that the MMC-treated NSCs show signs of partial neuronal differentiation, but they are not at the stage of a fully differentiated PNs (Fig. 3) .
DISCUSSION
In the present study, we aimed to identify the gene expression profile that can be used as a universal marker for a fully differentiated neuron. Although the characteristics of Ephrin and neurotrophin signaling pathways in primary neurons. Analysis using the Ingenuity Pathway Analysis software showed that ephrin (A) and neurotrophin (B) are among the pathways that control the highest number of neuronal-specific functions and showed a majority of genes have change in gene expression. Red, upregulated; green, downregulated; white, no change. Ephrin pathway: dynamic change in gene expression (up-and downregulation) is observed for molecules related to growth cone collapse, axon retraction, and cell repulsion, with upregulation of genes related to cell growth, dendritic spine morphogenesis, synaptic plasticity, and axon guidance. Neurotrophin pathway: there is a downregulation of genes related to apoptosis, and upregulation of genes related to synaptic plasticity; predominantly upregulation of genes related to neurite outgrowth.
neurons vary with their types, a common basic neuronal identity is expected to be shared among all neurons. We also wanted to uncover genes that are potentially involved in stem cell maintenance, and determine whether a cell cycle block in NSCs induces the formation of fully differentiated neurons.
Gene expression profiling reveals major characteristics of PNs and NSCs.
In the present study, we have 1) identified the gene expression neuronal signature and major signaling pathways that characterize the neuronal phenotype, 2) demonstrated that artificially blocking the C17.2 NSC line cell cycle in the S phase is not sufficient to result in full differentiation into Fig. 6 . CDK5 (A) and actin (B) signaling pathway in primary neurons. Analysis using the Ingenuity Pathway Analysis software showed that CDK5 and actin signaling pathways are involved in multiple functions related to neurons, and a majority of the genes in those pathways have their expression level changed. Red, upregulated; green, downregulated; white, no change. CDK5: pathway shows upregulation of multiple genes related to neurite outgrowth, neurotransmitter receptors and ion channels. Actin: there is a dynamic change in the expression of genes related to actin polymerization and focal adhesion, suggesting dynamic instability of actin cytoskeleton, a feature known to be needed for neurotransmitter secretion, and axon guidance. neurons, and 3) identified genes as potential new candidates involved in the maintenance and/or function of NSC.
First, the microarray data revealed for the first time a detailed profile of the gene expression patterns of embryonic PNs, including genes involved in neuron-specific functions. The identification of genes highly expressed in PNs, but not NSCs, allowed us to group them based on the functions they contribute to through GO analysis (Table 1) . This analysis revealed genes involved in the maturation and differentiation of neurons. (Table 7) . For example, some of these genes are implicated in neurite development, involving neurite regeneration, neuron recognition, and regulation of dendrite development. Other genes are implicated in synapse, involving GABA receptor and glutamate receptor formation. Yet other genes are implicated in synaptic transmission, involving chemoreceptor signaling. All of these structures and components are needed to have a mature neuron characterized by the presence of axons and dendrites, special cell-cell communication (synapse), excitability, and release of neurotransmitter. All these features are basic characteristics of a fully differentiated neuron, and not present in a nondifferentiated NSC. From this, we conclude that these upregulated genes are neuronal specific, and there- Nestin was detected at day 1 (A, b) and decreased in intensity afterwards but remained detectable (A, f). MAP2 was weakly expressed at day 1 (A, a) and increased in intensity afterwards (A, e). Western blot analysis showed 2-fold increase in MAP2 from day 1 to day 3 and a significant (P Ͻ 0.005) ϳ5-fold increase of NeuN from day 1 to day 6 (A, i, j). After 6 days of culture when the phenotype stabilized, cells were further cultured for an additional 2 days (total 8 days) and then characterized similarly. They were stained for nestin (B, b), MAP2 (B, a, e), and NeuN (B, f). Phase contrast microscopy confirmed the neuronal morphology (B, i). Mortality was only at a baseline level (B, j). Magnification: ϫ100; insets, ϫ400. Student's t-test, NeuN level at day 1 vs. day 6, P Ͻ 0.005.
fore constitute a basic neuronal signature that characterizes fully differentiated neurons.
A number of pathways with the most significant enrichment of altered transcripts were overrepresented. The ephrin receptor pathway is known to play a pivotal role in axon guidance (12, 27) . Neurotrophins are involved in survival, axon outgrowth and synaptic plasticity (55) . The CDK5 pathway has multiple changes affecting proteasomal degradation and cytoskeletal filament disruption, indicating a role of this pathway in the dynamic remodeling needed in mature neurons, complementing what has been previously described about the role of CDK5 in neurogenesis (22) . The change observed in the actin pathway reflects local actin instability correlating with what is known about actin instability playing a role in axon polarization (64) and in secretion of neurotransmitter (10) .
The general gene expression neuronal signature allowed us to draw a model reflecting how differentiated neurons stabilize their phenotype (Fig. 8) . Growth factors, glutamate receptors, and netrin, which are mostly upregulated, activate the Ras and PLC pathways, resulting in signaling cascades leading to various cellular activities involved in axon formation, guid- ance, remodeling, attraction of growth cones, synapse, stress fiber activation, and cytoskeletal remodeling, as well as global effects such as long-term potentiation, learning, and memory. Furthermore, multiple cytokines are downregulated; although the specific function of most of these in neuronal and stem cell physiology remains unclear, we hypothesize that they play a role in preserving the stem cell phenotype and/or in regulating differentiation into neurons. Second, to verify whether an artificial block in the S phase of the cell cycle in NSCs is sufficient to allow full differentiation into neurons, we examined the gene expression profile of C17.2 NSCs treated with MMC. Microarray analysis using these cells showed some aspects of neuronal differentiation. For example, these cells 1) express molecules such as cholinergic receptors (Table 5) ; 2) upregulate NGF, which has been previously shown to play a role in neuronal differentiation (11, 16, 61) ; 3) upregulate IGF-1, known to be important for neuronal survival (3, 11); 4) metalloproteases are upregulated and tissue inhibitors of metalloproteases are downregulated, correlating with a known role in migration/differentiation (23); and 5) Notch genes are upregulated (Table 5) , and these are important in the function of mature neurons and, in particular, neurite remodeling, synapses, learning, and memory (33, 49) . These cells, however, lack most of the genes observed in PNs (Table 3) , suggesting incomplete differentiation. These data demonstrate that artificially arresting the NSC cycle in the S phase is not sufficient on its own to produce fully differentiated neurons; other factors seem to be required, such as the presence of astrocytes (59) .
The results of our study add deep and broader knowledge to a previous study using the same NSC line. In that study by Mi et al (44) , there was a comparison of certain characteristics of the NSC line with primary NSCs (primary cortical NSC and cerebellar granule cells). There, the authors, using neurosphere cultures and restricted stem cell microarray, showed that, while primary NSCs share common features, they do, however, show minor differences, suggesting that stem cells from different brain locations can have different properties. In addition, they compared the primary NSC with the NSC line, and showed similarities in the stem cell characteristics. At the same time, the cell line displayed a broader cytokine array than the primary NSCs. Given the similarities between the C17.2 NSC line and primary NSCs, we elected to use that NSC line since this provides insight for potential applications related to regenerative medicine where the use of cell lines is more feasible than primary NSCs.
In our present study, we studied the gene expression profile using the complete mouse expression microarray of the NSCs and compared it to that of cortical neurons to elucidate the major characteristics of mature neurons at gene expression level, which allowed us to determine the gene expression neuronal signature that defines mature neurons. We also blocked the cell cycle of the NSC at the S phase and analyzed the phenotype of the resulting cells. Since such cells had neuronal morphology and expressed known neuronal markers, we analyzed the gene expression profile compared with cortical neurons. To our surprise, we found that the differentiated cells lack most of the neuron-specific gene expression, suggesting that, while some cells can display a neuronal morphology and express some neuronal markers, they are not necessarily mature neurons. Thus, we suggest the use of the gene expression neuronal signature as the means to define whether some cells are mature neurons, instead of relying on their microscopic features.
Third, in an attempt to discover new genes that could play a role in stem cell biology, we examined the genes that downregulated in PNs compared with NSCs and which were not involved in housekeeping function and cell division. The cytokine group attracted our attention because there is evidence in the literature that cytokines play a role in self renewal (3). Our findings add new candidates to the families of TNF, tumor growth factor (TGF), IFN, and interleukins as playing a role in the stem cell maintenance and/or function (Table 6 ). Indeed, a previous study (42) has provided evidence for the role of cytokines in neural stem and progenitor cells.
Maintaining the phenotype in a differentiated neuron: intrinsic regulation. Since a wide array of genes had changes in expression levels in PNs compared with the NSCs, we wanted to use the microarray data to construct a model of how a fully differentiated neuron maintains its phenotype in an in vitro setting, i.e., independently of the presence of glial cells or other exogenous factors.
The first question is related to the gene profile that maintains neurons in a differentiated state. By examining genes involved in a cell cycle, we were able to generate a model revealing that changes in the expression of various genes can actually lock the cell in a nondividing state (Fig. 9) . The model is rather straightforward: molecules that promote cell division, such as cyclins, MAPK, and CDKs, were downregulated, in particular, cyclins B and -A, and cdc25, which can result in/maintain a G 2 /M block. In addition, CDK4, and cyclin D were downregulated, while molecules opposing cell division, such as Rb and p21, were upregulated, maintaining a G 1 /S arrest. So the cell cycle in a PN is stopped at the level of two check points. Furthermore, when we examine the effect of growth factors on a cell cycle, although they normally activate molecules involved in cell division, these molecules, such as cyclins, are Fig. 8 . Maintenance of neuronal phenotype in a primary neuron: suggested model. Molecules at the cell surface represent receptors and/or ligands, as indicated. Molecules underlined are upregulated, and molecules in italics are downregulated, in microarray analysis. Some major neuronal-specific functions and the upstream signals are involved in its maintenance. Growth factors are indicated in boldface type, since some are upand some are downregulated (see Table 3 ). All other molecules are not changed on the microarray analysis. GF, growth factors; AF, axon formation; AG, axon guidance; AR, axon remodeling; AA, anti-apotptosis; PR, proliferation response; axon guid, axon guidance; LTP, long-term potentiation; SFA, stress fiber activation; GluR. glutamate receptor; AGC, attraction of growth cone. downregulated, therefore securing a cell cycle block and locking the neuron in a nondividing status.
We then wanted to understand what gene expression profiles can define the role of growth factors and cytokines in the differentiation of neurons. The microarray data analysis allowed us to generate a model related to the function of the cytokines and growth factors in neuronal differentiation (Fig. 10) . For example, multiple downregulated cytokines are normally involved in cell division (IL-1, TGF-␤) or inducing cell death (TNF). However, these cytokines are downregulated in PNs, thus reducing the probability for apoptosis, and preventing cell division, thus maintaining the nondividing status of PNs. Although TGF-␤ itself is downregulated, molecules downstream of it, such as p21 and RB, are upregulated, therefore participating in maintaining a postmitotic status.
There were a number of molecules in growth factor pathways that had a gene expression level that was changed in a direction favoring the activation of Ras/Erk pathway. For Fig. 9 . Maintenance of cell cycle block in primary neurons. Microarray analysis revealed changes in genes expression of molecules involved in cell cycle that were either downregulated (italics) or upregulated (underlined). Downregulated molecules include factors involved in promoting cell cycle, such as cyclins and CDKs, and upregulated molecules were mostly antiproliferative, such as Rb and p21. The pattern of change in the level of these molecules can maintain a block in cell cycle at two levels: G1/S block and G2/M block, which will keep the cell nondividing, despite the presence of stimulatory growth factors. Fig. 10 . Major pathways involved in survival and growth in primary neurons. Microarray analysis revealed changes in gene expression levels of many cytokines (that were mainly downregulated, in italics), and growth factors that were mainly upregulated (underlined). The data showed molecules that can induce apoptosis and cell division were downregulated, and those that can induce cell cycle block were upregulated. Many growth-promoting factors were upregulated, leading to downstream pathways that favor protein synthesis, cellular growth, and cytoskeleton rearrangements. IK␤, inhibitor of B; IKK␤, inhibitor of B kinase. example, EGFR, ephrin B2, FGFR3, Ras, and Raf, were all upregulated, while an inhibitor of Ras, ephrin A1, was downregulated. Erk pathway is known to induce/maintain differentiation, so the expression pattern of molecules involved in this pathway is in favor of activating this pathway, in addition to CamK, an Erk1/2 activator, which was also upregulated. At the same time, there is an upregulation of netrin and its receptor Unc5. This receptor activates multiple pathways including PKC, PI3K, and Rho. PKC is involved in various functions such as cell survival, differentiation, and protein synthesis. PI3K is involved in survival, and Rho is involved in cytoskeletal remodeling. Altogether, these molecular expression changes illustrate some of the mechanisms of how neurons maintain basic functions related to differentiation and survival, i.e., by upregulating molecules in favor of such status and downregulating the corresponding inhibitors.
Finally, we asked how the neuron-specific characteristics are maintained, and examined the pathways of CDK5, ephrin, neurotrophin, and actin, as these pathways had a very significant enrichment of genes that changed their expression levels (Fig. 11) . Pathways downstream of CDK5, in addition to minimizing neuronal death, favor neurite outgrowth, as well as the production of neurotransmitter receptors and ion channels. The ephrin pathway promotes cell growth and is also involved in axon guidance, cytoskeletal reorganization, and changes in cell morphology. These are important for maintaining the neuronal phenotype and for proper connectivity between neurons. Neurotrophins are also involved in neurite outgrowth and cytoskeletal changes, complementing the roles of CDK5 and ephrin. Finally, actin plays an important role in neuronal polarity and adhesion, both of which characterize the neuronal phenotype. Taken together, this analysis has revealed a mechanistic view as to how the phenotype of a mature neuron is maintained and demonstrated that gene expression profiling can give useful information to understand the major pathways involved in differentiation.
Neuronal differentiation and the interplay of multiple pathways. From our results, we can extract a potential model that would integrate multiple pathways to allow for full neuronal differentiation. For a stem cell to become a differentiated nerve cell, the stem cell has to grow in size, undergo a series of morphological changes and cytoskeletal rearrangements, acquire polarity, and initiate neurite outgrowth, along with the expression of neurotransmitters and other molecules. Our data showed that the pathways of CDK5, ephrin, neurotrophin, and actin all participate in these processes. Blocking the cell cycle, at least in some contexts, does not provide enough signals needed to trigger all pathways required to form a mature neuron.
Concluding remarks. The present study revealed details about the gene expression profile in PNs, which showed both expected and unexpected differences from NSCs. It also revealed that there are gene groups that are not known to be stem cell specific and yet are downregulated in PNs relative to stem cells (cytokines), pointing to a role in the NSCs. Our study has also allowed the elucidation of neuronal differentiation mechanisms.
Although this study has been conducted in an in vitro context, it has potential clinical implications. For example, in conditions where neurons are generated in vitro, the maturity of these neurons should be verified by the presence of the defined neuronal signature. This application can be further expanded to cases where NSCs are transplanted into recipient animals for regenerative purposes; neurons generated in vivo from these cells could eventually be extracted and verified for maturity. Comparison of the adult PNs with the embryonic PNs will also shed some light on the functional differences between mature neurons at various developmental stages.
Perspectives and Significance
Determining the various cues and triggers of the different stages in the formation of a mature neuron will allow better targeting of the neuronal differentiation. Time course analysis Fig. 11 . Gene expression changes maintain the phenotype of a differentiated neuron. A proposed model for how changes in gene expression that take place when a NSC differentiates into a neuron and maintains the phenotype of the mature neuron. Changes in cell cycle genes maintain a permanent block of cell division. Changes in cytokines (Cyto.) and growth factors (GF) assure the survival and growth of the cell; Finally, neuronal-related pathways are activated, and changes in gene expression of many genes in those pathways assure the presence of the basic constituents of a neuron, such as neurotransmitter, neurite, polarity, etc. of gene expression of differentiating PNs will shed light on key changes needed for the formation of mature neurons.
